Understanding how the pancreas develops is vital to finding new treatments for a range of pancreatic diseases, including diabetes and pancreatic cancer. Xenopus is a relatively new model organism for the elucidation of pancreas development, and has already made contributions to the field. Recent studies have shown benefits of using Xenopus for understanding both early patterning and lineage specification aspects of pancreas organogenesis. This review focuses specifically on Xenopus pancreas development, and covers events from the end of gastrulation, when regional specification of the endoderm is occurring, right through metamorphosis, when the mature pancreas is fully formed. We have attempted to cover pancreas development in Xenopus comprehensively enough to assist newcomers to the field and also to enable those studying pancreas development in other model organisms to better place the results from Xenopus research into the context of the field in general and their studies specifically.
INTRODUCTION
The pancreas is an important organ in the digestive system. It is located next to the stomach and is composed of two types of cells, endocrine and exocrine, which secrete hormones, such as insulin and glucagon, and digestive enzymes, such as trypsin, respectively (Fig. 1) . In Xenopus, the endocrine cells are arranged in clusters in the mature pancreas, and the exocrine cells in a floral pattern (Fig. 1D) . The main disease associated with a malfunctioning pancreas is diabetes, a disease whereby sufferers are unable to store sugar from their bloodstream due to defects in either insulin production or recognition. Other diseases affecting the pancreas include exocrine pancreatic insufficiency, where the digestive enzymes are not made and the patient cannot properly digest food; pancreatitis, the inflammation of the pancreas, which can be caused by many conditions including cystic fibrosis and alcoholism; and pancreatic cancer, one of the most lethal cancers with a 5-year survival rate below 5% (Hezel et al., 2006; Nair et al., 2007; Maitra and Hruban, 2008) .
By understanding the way the pancreas forms and what genes are involved in its development, it is envisioned that new drug targets for the treatment of these diseases will be discovered or that techniques to produce insulin-expressing cells de novo will be developed. Most of the research in pancreas development thus far has been performed in more traditional model organisms, such as mouse and chick (Kume, 2005; Jorgensen et al., 2007) , but recently more studies have been performed in other model organisms such as Xenopus and zebrafish. The benefits of using these organisms are numerous: their pancreases develop faster, the number of animals is not limiting as large numbers of embryos can be injected and processed in a single day, early development is more accessible allowing easy isolation of endodermal or pancreatic tissue, overexpression studies are accomplished by simple microinjection of mRNA (targeting to specific regions of the endoderm is done by injection into single blastomeres at the 8-, 16-, or 32-cell stage), transgenic tadpoles can be produced quickly, gene knockdown studies can be performed quickly using antisense morpholinos, and earlier patterning and specification events can be addressed more easily. Indeed, recent results demonstrate that early pancreas development in Xenopus closely resembles that of mice and humans, and is applicable to mammalian cells as we previously demonstrated (Horb et al., 2003; Cao et al., 2004; Li et al., 2005; Afelik et al., 2006; Blitz et al., 2006; Jarikji et al., 2007) . In fact, it is becoming clear that the same genes used in mammalian pancreas development are involved in Xenopus pancreas development (Horb et al., 2003; Afelik et al., 2006; Jarikji et al., 2007) .
With the emergence of Xenopus as a model system for pancreas development, now is the appropriate time for a comprehensive review of Xenopus pancreas development to be written. Although there have been several recent reviews that have touched on some aspects of Xenopus pancreas development (Blitz et al., 2006; Pieler and Chen, 2006; Spagnoli, 2007; Zorn and Wells, 2007; Pearl and Horb, 2008) , none has comprehensively covered pancreas development in Xenopus from gastrulation through metamorphosis. This review aims to give detailed insight into pancreas development in Xenopus laevis from the end of gastrulation, when the endoderm becomes regionalized, through the emergence of pancreatic buds, to the cellular rearrangements that take place at metamorphosis resulting in a mature pancreas. We have tried to make this review differ from the numerous other pancreas reviews that have already been published, and have focused on the current state of pancreas development in Xenopus. Since pancreas development in Xenopus is a new topic, some aspects have not been covered in depth, and for more detail we refer the reader to some of the recent excellent reviews that have been written on pancreas development (Jensen, 2004; Cano et al., 2007; Murtaugh, 2007; Gittes, 2009) .
MORPHOLOGICAL DEVELOPMENT
As with other vertebrates, the pancreas in Xenopus first arises as separate dorsal and ventral pancreatic buds, which subsequently fuse to give rise to the mature pancreas (Fig. 2) . The dorsal pancreatic anlage is first visible at NF35/36 on the dorsal surface of the endoderm at the level of the pronephros (Table 1) (Nieuwkoop and Faber, 1967; Kelly and Melton, 2000) . In this review, we routinely refer to the stages described by Nieuwkoop and Faber as NF followed by the stage number (Nieuwkoop and Faber, 1967) . At NF35/36, the shape of the dorsal pancreas resembles a crescent straddling the dorsal endodermal midline. In contrast, the ventral pancreas develops from two symmetrical (left and right) anlagen that first become apparent at NF37/38, at the junction of the liver bud and developing duodenum. The two ventral buds fuse together around NF40 (Table 1) and look like two half circles joining together; their fusion, however, is not complete as a space between these two ventral buds remains for a short period (Kelly and Melton, 2000) . It is here that the hepatopancreatic duct emerges. By stage 40, the dorsal and ventral pancreatic anlagen have fused; the fusion occurs at the junction of the right side of the dorsal pancreatic bud with the dorsal aspect of the fused ventral buds. From NF42 to 48, the intestine coils dramatically, and as a result the pancreas is displaced to the right side of the embryo (Fig. 2D ). After fusion, the pancreas can now be isolated, along with the liver, separate from the intestine; the morphology of an isolated pancreas at NF40 is thin and long, it is also slightly curved in a horseshoe-type shape (Fig. 3A) . By NF44, the pancreas appears more compact; it is shorter and wider than when it had just fused (Fig. 3B ). This reduction in the length of the pancreas continues as the tadpole ages to NF46 when the pancreas has transformed from a rectangular shape to a square (Fig. 3C ). The main difference between Xenopus and mammalian gut development is that the mammalian gut forms a tube early in development, from which the pancreatic buds emerge (reviewed in Jorgensen et al., 2007) , whereas in Xenopus the gut does not form a tube until after the pancreatic buds have emerged and fused, around NF40 (Chalmers and Slack, 1998) . The early morphological differences may be due to the different ways the embryos feed at these stages. Xenopus embryos develop ex vivo and require an external nutrient source (which is the yolk in the endoderm at this stage of development), while mice develop in vivo, gaining nutrients from their mother's blood supply.
Endocrine Cells
The endocrine pancreas is composed of 5 different cell types-α, β, δ, ε, and PP-that secrete glucagon, insulin, somatostatin, ghrelin, and pancreatic polypeptide hormones into the bloodstream. In Xenopus, four of these cell types (α, β, δ, and PP) have been identified in the pancreas, and we will describe their development and differentiation in the next few paragraphs.
The first endocrine marker to be expressed in the pancreas at NF32 is insulin. RNA expression is first detected in the dorsal endoderm (where the future dorsal pancreatic anlage emerges) in a punctate manner at NF32. As the pancreas develops, expression initially remains localized to the dorsal pancreas, even after fusion of the dorsal and ventral pancreatic buds at NF40 (Fig. 3D,E) . However, by NF46/47 insulin is expressed throughout the entire pancreas, including the ventral pancreas ( Fig. 3F ) (Kelly and Melton, 2000; Horb and Slack, 2002) . Similarly, insulin protein expression is first detected only in the dorsal pancreas at NF39. At these early stages, insulin-expressing cells are found grouped as single cells or clusters of 2-4 cells.
Glucagon and somatostatin, unlike insulin, are not expressed in the pancreas until after fusion of the dorsal and ventral buds, but show similar expression profiles (Maake et al., 1998; Kelly and Melton, 2000; Horb and Slack, 2002) . Expression is first detected at NF44/45 marking individual cells, initially in the dorsal portion of the pancreas (Fig. 3H,K) . By NF46/47, expression of both markers is now detected throughout the entire pancreas (Fig. 3I,L) . However, prior to expression in the pancreas, both somatostatin and glucagon are initially expressed at NF41 within the stomach and duodenum in a punctate pattern.
The two other endocrine cell types present within the pancreas are PP cells, producing pancreatic polypeptide (PP) and ε cells, producing ghrelin. In Xenopus, the cDNAs for these two genes remain to be cloned, although genomic sequence for the PP gene is found in the X. tropicalis genome. Antibodies to mammalian PP do detect scattered expression in mature Xenopus pancreas beginning at NF46 (Maake et al., 1998) ; the majority (79%) of these PPexpressing cells also co-express glucagon. Ghrelin-producing cells are yet to be discovered in Xenopus.
Exocrine Cells
The mammalian exocrine pancreas is a lobulated branched tissue, consisting of acinar and ductal cells that secrete and transport digestive enzymes into the duodenum. The expression of acinar differentiation markers follows a temporal and spatial distribution at the early stages of pancreas development, opposite to that seen with insulin. Expression of most exocrine markers, including amylase, trypsinogen and elastase, is first detected at NF41 exclusively in the ventral pancreas (Fig. 4A) . Shortly thereafter, their expression diffuses into the dorsal pancreas, such that by NF45 expression is detected throughout the entire pancreas ( Fig. 4B) (Horb and Slack, 2002) . A fourth exocrine marker, carboxypeptidase A, was detected by immunostaining throughout the entire pancreas at NF44 (Kelly and Melton, 2000) . In contrast to these markers, expression of a fifth exocrine marker, pancreatic protein disulfide isomerase (XPDIp) , is first observed at NF39 in both dorsal and ventral pancreatic buds . The reason for these differences is unclear, although it may be that XPDIp is simply expressed at an earlier stage in acinar cell differentiation, and its expression in the dorsal pancreas may be marking exocrine precursor cells that will subsequently express the other late differentiation markers as indicated above. As with other model systems, there is very little known about the development of the ductal system in Xenopus.
INDUCTION OF THE PANCREAS (NF11-30)
The pancreas, like organs such as the lungs, liver, stomach, and colon, develops from the endodermal germ layer. One of the first things to occur once the endoderm layer is formed is the specification of anterior and posterior regions of the endoderm. Although this occurs before the end of gastrulation, stable regional specification is not achieved until much later (Table 1) (Zeynali et al., 2000; Horb and Slack, 2001; McLin et al., 2007) . Thereafter, during neurula and tail bud stages, these regions are further subdivided into discrete organ domains. It is only after stable regional specification occurs that specific organs, such as the pancreas, develop.
Early investigations into regional specification of the gut endoderm in amphibians were performed in Triturus pyrrhogaster (a urodele amphibian); these studies demonstrated that signals from the mesoderm were necessary and sufficient to specify regions of the gut endoderm (Okada, 1960) . Initial molecular studies in Xenopus seemed to suggest otherwise, that endoderm differentiation did not require input from other cell layers (Gamer and Wright, 1995; Henry et al., 1996) . These studies examined the differentiation of endoderm in vegetal explants from blastula stage embryos and found that at tail bud and tadpole stages, expression of pancreas and liver markers was detectable in the absence of axial mesoderm (Gamer and Wright, 1995) . However, when these vegetal explants were examined for expression of other mesoderm markers, they were found to express more lateral mesoderm markers (Horb and Slack, 2001) . The presence of mesoderm in these vegetal explants was due to the fact that at blastula stages, the mesoderm and endoderm are not cleanly separable. When endoderm explants were isolated at later neurula and early tail bud stages (NF15-25), endodermal differentiation did not occur; at this stage, the mesoderm is completely separate from the endoderm (Horb and Slack, 2001) . Further evidence for the importance of mesoderm was provided by endoderm-mesoderm recombinations (i.e., anterior endoderm with posterior mesoderm) wherein the differentiation state of the endoderm (anterior vs. posterior) depends on the character of the mesoderm (Horb and Slack, 2001; McLin et al., 2007) . Stable regional specification of the endoderm (independent of mesoderm signals) is not established until late tail bud stages, between NF28 and 32 (Zeynali et al., 2000; Horb and Slack, 2001; McLin et al., 2007) . However, many of the important inductive signals involved in specifying anterior and posterior foregut occur prior to stable regional specification, during gastrula and neurula stages.
In the next section, we briefly review the data implicating that some of these signaling pathways are involved in early specification of the endoderm leading to a pancreatic cell fate. For more detail about these early signaling pathways and the similarities between Xenopus and mammals, we refer the reader to a recent review on this topic (Zorn and Wells, 2007) .
RA Signaling
One of the earliest molecules required for regional specification of the endoderm leading to a pancreatic fate is retinoic acid (RA). Animal caps treated with high doses of Activin A contain both mesoderm and endoderm, but even at the highest doses of Activin A, pancreatic tissue is only rarely induced. (Animal cap tissue is naive ectoderm removed from blastula stage embryos that can be induced to form every tissue in the tadpole, and is similar to embryonic stem cells.) Addition of RA to the Activin-treated animal caps increased the amount of pancreatic tissue substantially (Moriya et al., 2000; Asashima et al., 2008) . Interestingly, the timing of RA addition was found to be critical to the induction of pancreas; only when RA was added several hours after Activin A treatment was a large amount of pancreatic tissue induced in the animal caps. However, caution should be taken when interpreting data from in vitro induction of genes in animal caps or ES cells, as these in vitro events may not necessarily be representative of the in vivo reality. It is, therefore, important to note the effects of RA on pancreas development in the whole animal.
Indeed, whole animal experiments confirmed the animal cap results showing that RA is required for regional specification in vivo, although it has different effects on dorsal versus ventral pancreas. Inhibition of RA at gastrula stages causes a loss of both endocrine and exocrine marker expression later in development, whereas excess RA stimulates endocrine cell differentiation in the dorsal pancreas (at the expense of exocrine cells), and exocrine cell differentiation in the ventral pancreas . In agreement with the animal cap data, the timing of RA signaling is critical; treatments at gastrula stages (NF11-13) affect pancreas development, but in embryos treated after NF13, the pancreas develops normally.
It is interesting to note that RA only affects dorsal-anterior and not ventral-posterior endoderm (Pan et al., 2007) . This differential sensitivity to RA signals between dorsal and ventral endoderm explants can be explained by the spatial restriction of certain RA receptors (RARs). RARγ2.1 has high expression in the dorsal mesoderm, but low expression in the ventral mesoderm, and overexpression of RARγ2.1 in ventral endoderm-mesoderm explants makes them responsive to exogenous RA (Pan et al., 2007) . Another factor acting in opposition to RA is BMP; BMP signaling is high ventrally and low dorsally. When BMP signaling was inhibited in ventral endoderm-mesoderm explants, RA was then able to induce pancreatic tissue. Furthermore, the BMP inhibitor Noggin induces the transcription of RALDH2, a gene involved in the biosynthesis of RA (Pan et al., 2007) . These results all show that RA is required for the specification of endoderm at early stages, but is not sufficient to promote pancreatic fates on its own.
Wnt Signaling
Following the requirement for RA signaling at late gastrula stages in specifying anterior endoderm, the next pathway implicated in regional specification is the Wnt signaling pathway. In contrast to the positive requirement for RA signaling in promoting development of the anterior endoderm, it is the inhibition of Wnt signaling at neurula stages that is essential for proper foregut development; in contrast, activation of Wnt signaling is necessary for posterior endoderm development. Ectopic activation of Wnt signaling in anterior endoderm (β-catenin) is sufficient to prevent foregut specification, while inhibition of Wnt signaling in posterior endoderm (Gsk3β) promotes ectopic foregut development (McLin et al., 2007) . Furthermore, the temporal requirement for Wnt was found to differ for anterior versus posterior endoderm. Wnt signaling must be inhibited in anterior endoderm between NF11-20, whereas activation of Wnt signaling in posterior endoderm is required between NF11-13 (McLin et al., 2007) . These studies, however, do not directly address whether Wnt signals act directly on the endoderm or whether they respecify mesoderm first.
To address the question of which germ layer Wnt is acting in, McLin et al. (2007) used the Einsteck method. In this procedure, a piece of labeled tissue is implanted into the blastocoelic cavity of a gastrula-stage embryo, and the final fate of the donor tissue is examined at a later stage. In this instance, the donor tissue was either anterior or posterior endoderm (expressing β-catenin or Gsk3β). In control conditions, anterior endoderm contributed to liver and stomach, while posterior endoderm contributed to intestine. However, when anterior endoderm expressing β-catenin was transplanted, the final fate of these cells was now intestine. In contrast, posterior endoderm expressing Gsk3β contributes to liver and stomach (McLin et al., 2007) . In agreement with this, the Wnt antagonist secreted frizzled-related protein 5 (Sfrp5) is expressed in the anterior endoderm beginning at NF15, is required for proper foregut specification, and acts directly to prevent signaling by Wnt11 (Li et al., 2008) .
TGF-B/BMP
Prior to gastrulation, TGF-β signaling plays an important role in endodermal germ layer induction (Henry et al., 1996; Zorn et al., 1999; Afouda et al., 2005) , but its role in later events of endodermal specification has only recently been investigated. TGF-β induced factor 2 (TGIF2) was identified as a modifier of early endoderm, and required for pancreas development (Spagnoli and Brivanlou, 2008) . TGIF2 was identified in a microarray screen for targets of GATA5, which acts downstream of TGF-β in promoting an endoderm fate (Weber et al., 2000; Spagnoli and Brivanlou, 2008) . TGIF2, a BMP antagonist, was found to act as a modifier of the endoderm to promote more anterior fates; overexpression of TGIF2 in ventral vegetal explants is sufficient to activate pancreatic gene expression. This is consistent with the results of Pan et al. (2007) ; both studies demonstrated that inhibition of BMP signaling plays an important role in endodermal patterning, which leads to pancreas development. The exact stage and in what germ layer TGIF2 acts is currently unknown. In agreement with this, recent studies using activintreated animal caps have identified genes acting in the TGFβ pathway to effect endoderm regionalization (Weber et al., 2000; Afouda et al., 2005) . In addition to the early role of TGFβ signaling in endoderm induction prior to gastrulation, these results implicate TGF-β signaling in later events of endodermal patterning and regionalization during neurula and tail bud stages.
Intracellular Factors
One of the benefits of Xenopus embryos is the ability to identify new genes (or known genes not previously implicated in pancreas development) without a priori knowledge of either them or their role in pancreas development through gain-of-function screens. For example, using an expression cloning screen and injecting pools of mRNAs into vegetal blastomeres and looking for ectopic insulin expression the 3′UTR of Shirin was found to be sufficient to induce ectopic insulin expression (Spagnoli and Brivanlou, 2006) . Secondarily, they found that the RNA binding protein, Vg1RBP, bound the 3′UTR of shirin. (Vg1RBP is best known for being expressed early in embryogenesis and regulating Vg1 mRNA localization.) In the context of pancreas development, Vg1RBP was found to be essential for proper development of insulin-expressing cells, but its necessity for acinar cell development was not examined. Although on its own, Vg1RBP is unable to promote endoderm development, it respecifies more posterior-ventral endoderm to become more dorsal-anterior.
Regional Specification of the Endoderm: Summary
At the end of gastrulation, once the endoderm has been established, regionalization subdivides the endoderm into discrete anterior and posterior domains. To produce stable regional identity, continuous endoderm-mesoderm interactions are required until late tail bud stages. Distinct signaling pathways operate in subsequent stages to pattern the endoderm. Initially, RA signaling immediately at the end of gastrulation between NF11 and NF13 is critical for proper pancreas development. Subsequently, Wnt (and BMP) signaling must be inhibited between NF11 and NF20 for proper development of anterior endoderm; active Wnt signaling promotes posterior endoderm development. Thus, although the signals required for patterning the endoderm occur relatively early, pancreatic cell fates are not established until after NF30 when pancreas-specific genes are activated.
PANCREATIC SPECIFICATION (AFTER NF30)
As outlined above, the majority of research into Xenopus pancreas development has been focused on the early patterning and specification events that occur prior to NF30. The fact that Xenopus can be used to investigate the function of "late-acting" pancreas-specific genes has only recently become appreciated. From these studies, it is becoming clear that Xenopus is a valuable model system for elucidating the molecular mechanisms underlying pancreatic cell fate specification; including identifying new genes, determining their function, defining transcriptional regulatory networks, and more specifically identifying candidate genes for diabetes.
Ptf1a and Pdx1
Two important genes in pancreas development that have been studied in Xenopus include Pdx1 and Ptf1a. Both genes are expressed in pancreatic progenitors, and are necessary and sufficient for pancreas development (Horb et al., 2003; Afelik et al., 2006; Jarikji et al., 2007) . In fact, ectopic expression of both simultaneously converts posterior endoderm into pancreatic tissue (Afelik et al., 2006) . The bHLH pancreas-specific transcription factor 1a (PTF1a) is one of the earliest pancreas-specific markers. Loss of Ptf1a function in mice and humans results in the complete absence of acinar cells and a large reduction in insulin expression (Krapp et al., 1996; Kawaguchi et al., 2002; Sellick et al., 2004) , whereas in zebrafish it is required mainly for exocrine pancreas development (Zecchin et al., 2004; Lin et al., 2004) . In Xenopus, ptf1a is detected as early as NF27/30 in the developing dorsal and ventral pancreatic anlagen ( Fig. 2A) (Afelik et al., 2006) . It is expressed in the tadpole acinar cells until the climax of metamorphosis when the PTF1a gene is shut off. Its expression returns at the end of metamorphic climax and remains acinar-specific (Mukhi et al., 2008) . This expression is identical to that seen in mice, where Ptf1a is expressed in all pancreatic progenitors at the earliest stages of pancreas development, but becomes localized to acinar cells shortly thereafter (Krapp et al., 1996; Kawaguchi et al., 2002) .
Two studies examined the function of Xenopus Ptf1a in early pancreas development and found that Ptf1a was both necessary and sufficient for pancreas development. Both studies found that knockdown of Ptf1a resulted in a complete loss of acinar cells; however, phenotypic differences regarding endocrine cell development were found (Afelik et al., 2006; Jarikji et al., 2007) . In the first study, a single morpholino was used to knockdown Ptf1a, and early expression of insulin at NF35 was unaffected, while the late expression of both insulin and glucagon was lost at NF48 (Afelik et al., 2006) . The second study, using two morpholinos to target distinct regions of the Ptf1a transcript, found the exact opposite: knockdown of Ptf1a resulted in an absence of early insulin expression, while low levels of insulin were detected at later stages (Jarikji et al., 2007) . The reason for this discrepancy is currently unclear. Nevertheless, these studies show that the function of Ptf1a in Xenopus pancreas development is quite similar to that observed in other vertebrates where Ptf1a is required for development of all acinar cells and a subset of endocrine cells.
The homeobox gene Pdx1 was originally cloned in Xenopus 20 years ago and called XlHbox8 (Wright et al., 1989) . It is expressed in a broad domain in the anterior endoderm beginning at NF27, encompassing the developing dorsal and ventral pancreatic buds as well as parts of the stomach and duodenum (Wright et al., 1989; Afelik et al., 2006) . Low levels of Pdx1 are detected by RNase protection analysis as early as NF12.5, and by RT-PCR at NF19/21 (Gamer and Wright, 1995; Horb and Slack, 2001) . Morpholino knockdown of Pdx1 in Xenopus resulted in the complete loss of exocrine markers, but had little effect on insulin expression (Afelik et al., 2006) . These results are in contrast to the defects observed in mice and humans, where lack of Pdx1 resulted in pancreas agenesis (Ohlsson et al., 1993; Jonsson et al., 1994; Stoffers et al., 1997; Schwitzgebel et al., 2003) . The defect seen in Xenopus is similar to that observed in mice where although loss of Pdx1 leads to pancreatic agenesis, there is a small dorsal bud present that produces insulin and glucagon (Ahlgren et al., 1996) .
One of the benefits of Xenopus is the relative ease in which gain-of-function studies can be performed. In addition to these loss-of-function studies showing that Ptf1a and Pdx1 are necessary for pancreas development, ectopic overexpression experiments revealed that both were also sufficient to promote ectopic pancreatic cell fates. Overexpression of Pdx1 in naïve endoderm or transgenic overexpression of Pdx1 in the liver after NF44 did not result in the activation of pancreatic differentiation markers (Horb et al., 2003; Afelik et al., 2006) . However, it should be noted that some studies in mammals have found that Pdx1 alone is sufficient to promote ectopic pancreatic cell fates (Ferber et al., 2000; Ber et al., 2003; Sapir et al., 2005; Shternhall-Ron et al., 2007) . In contrast, overexpression of Pdx1-VP16, an activated form of Pdx1, was sufficient to promote ectopic endocrine and acinar cell fates in the developing liver; no effect was seen in the intestine (Horb et al., 2003) . The relevance to mammals was shown by the fact that this same transgene was able to convert mammalian HepG2 cells to pancreas (Horb et al., 2003; Li et al., 2005) . Subsequent studies have confirmed these results. In particular, Pdx1-VP16 was found sufficient to convert rat liver cells into immature beta cells that were able to restore euglycemia in diabetic mice (Cao et al., 2004; Tang et al., 2006) . The reasons for this difference between Pdx1 and Pdx1-VP16 are unclear, although it is reasonable to assume that the addition of the VP16 activation domain allows for interactions with other proteins creating a favorable environment in which Pdx1 can activate transcription of its downstream targets.
Overexpression of Ptf1a, on the other hand, was found sufficient to promote ectopic pancreatic cell fates. Injection of Ptf1a mRNA into the two dorso-vegetal blastomeres at the eight-cell stage (targeting the anterior endoderm) resulted in the conversion of stomach/ duodenum to pancreas (Afelik et al., 2006; Jarikji et al., 2007) . Using a hormone-inducible version (Ptf1a-GR), it was found that when Ptf1a was activated at NF27 or earlier, it was able to promote ectopic pancreatic cell fates, whereas when activated after NF36, it had no effect (Afelik et al., 2006) . Activation of Ptf1a between NF30 and 35 did not convert stomach/duodenum to pancreas, but did result in an enlarged pancreas. In contrast, Ptf1a-VP16 was found to have greater activity than the unmodified Ptf1a in naive endoderm. In addition to being able to convert prospective stomach/duodenum to pancreas as seen with unmodified Ptf1a, Ptf1a-VP16 was also able to convert prospective liver to pancreas. However, only the acinar cell fate was promoted (Jarikji et al., 2007) . No effect was seen with either Ptf1a or Ptf1a-VP16 when overexpressed in posterior endoderm. Similar results were also found when Ptf1a or Ptf1a-VP16 was ectopically expressed at later stages after the organs had formed. Transgenic overexpression of Ptf1a-VP16 in Xenopus tadpoles was sufficient to convert liver to acinar cells (but had no effect in the stomach or duodenum), while Ptf1a converted stomach/duodenum to endocrine and acinar cell fates (but had no effect in liver) (Jarikji et al., 2007) . These results confirm earlier data in mice where it was shown that loss of Hes1 induces ectopic expression of Ptf1a in the stomach, duodenum, and common bile duct resulting in the production of ectopic patches of pancreatic tissue (Fukuda et al., 2006) .
Other Factors
There are numerous other transcription factors that have been well studied in pancreas development in other species, but little is known about their role in Xenopus pancreas development. Many of these genes, however, have been cloned in Xenopus and below we briefly describe what is known about their expression patterns in the developing Xenopus pancreas. We also provide a short description of their function in pancreas development based on results from other animals.
HNF6-In mice,
Hnf6 is one of the earliest markers of the developing anterior endoderm, and is expressed in a broad domain of the anterior endoderm marking the developing pancreas and liver (Jacquemin et al., 2003) . In Hnf6 mutant mice, Pdx1 expression is delayed and the pancreas was hypoplastic (Jacquemin et al., 2000 (Jacquemin et al., , 2003 . We recently cloned Xenopus Hnf6 and found it to be expressed in a similar pattern as in mice (data not shown). At NF30, Hnf6 is expressed in a broaddomain in the anterior endoderm marking the developing pancreas and liver, while at later stages it is found exclusively in the liver. (Lynn et al., 2007; Seymour et al., 2007) . In the pancreas, it is expressed in undifferentiated progenitor cells, and is involved in regulating their proliferation; loss of Sox9 in the pancreas results in hypoplastic pancreas (Seymour et al., 2007) . In Xenopus, expression is first detected at NF25 in two regions of the undifferentiated endoderm: dorsally in the prospective foregut and ventrally on each side of the future liver diverticulum (Lee and Saint-Jeannet, 2003) . By NF35, its expression is localized to the dorsal and ventral pancreatic buds, similar to Ptf1a; expression is also seen in the developing lung buds.
Sox9-Sox9 is expressed in several different tissues and is implicated in the regulation of various stem/progenitor cells
Hes1-Hes-1 is a member of the hairy and enhancer-of-split-like transcriptional repressors that acts in the Notch signaling pathway. In the pancreas, Hes1 is involved in antagonizing the function of B-class bHLH proteins such as Ngn3, and is expressed in undifferentiated precursor cells (Jorgensen et al., 2007) . In Xenopus, Hes1 is known as hairy2b and it has been extensively studied in the context of neural development (Yamaguti et al., 2005; Murato et al., 2006) . Within the pancreas, it is expressed in a punctate fashion from the earliest stages, most likely marking pancreatic progenitor cells (data not shown).
Ngn3-Neurogenin3 (ngn3)
is a bHLH transcription factor that is the earliest marker of all pancreatic endocrine cells, marking a population of endocrine progenitor cells Schwitzgebel et al., 2000; Gu et al., 2002) . Mice lacking ngn3 function fail to generate any pancreatic endocrine cells and die postnatally from diabetes . In Xenopus, ngn3 displays a punctate pattern of expression throughout the gastrointestinal tract as seen in mice (Nieber et al., 2009) . Within the pancreas, ngn3 is initially detected only in the dorsal pancreas in a speckled fashion, and at later stages expression extends into the ventral pancreas as well (data not shown). This pattern of expression is identical to Insm1.
Insm1-Insulinoma-associated protein 1, also known as IA-1, is a zinc finger transcription factor expressed in all endocrine cells, and is necessary for their differentiation (Gierl et al., NeuroD-NeuroD is a bHLH transcription factor that is expressed in all endocrine cells. NeuroD mutant mice have reduced numbers of all endocrine cells and develop diabetes, and mutations in NeuroD in humans are associated with maturity onset diabetes of the young (MODY6) (Liu et al., 2006) . NeuroD is also possibly a susceptibility marker for type1 in a Japanese study (Iwata et al., 1999) and in a Danish study (Hansen et al., 2000) . In Xenopus, NeuroD has been studied mainly in the context of eye and neural development (Lee et al., 1995; Chae et al., 2004) . In the developing pancreas, Xenopus NeuroD is restricted to the dorsal rudiment at stage 40; expression then expands to the intestine as well by NF45 (Kelly and Melton, 2000) .
Pax4 and Pax6-Pax4 and 6 genes contain both a paired box and a homeobox, and both are expressed in a subset of pancreatic endocrine cells. Pax4 is essential for β and δ cell development, whereas Pax6 is involved in α cell development (Sosa-Pineda et al., 1997) . As with NeuroD, much of what we know about Pax6 in Xenopus is derived from studies on its function in eye and neural development (Hirsch and Harris, 1997; Chow et al., 1999; Zaghloul and Moody, 2007) . In the developing pancreas, it is expressed in a punctate fashion in the dorsal pancreas at NF40 (Fig. 5C,D) (Kelly and Melton, 2000) . It is also expressed in the developing intestinal tract marking endocrine cells. Pax4, on the other hand, has yet to be cloned in Xenopus.
Arx-Arx encodes a homeodomain protein that is expressed in endocrine pancreas progenitors, but is required only for development of the α cell lineage; Arx-deficient mice do not develop α cells, but have a concomitant increase in β and δ cells (Collombat et al., 2003) . In contrast, overexpression of Arx in the pancreas converts β cells to α and PP cells (Collombat et al., 2007) . In Xenopus, Arx has been cloned and studied in the context of forebrain development (El-Hodiri et al., 2003; Seufert et al., 2005) . Its expression and function in the pancreas has not been examined.
Nkx2
.2-In mice, Nkx2.2 is an early marker of all endocrine cells, but loss of Nkx2.2 only affects maturation of endocrine cells at the secondary transition (Sussel et al., 1998) . In Xenopus, Nkx2.2 is first detected in the pancreas beginning at NF40, where it is expressed in both the dorsal and ventral pancreas (data not shown).
Nkx6.1-In rodents, Nkx6.1 is expressed early in pancreatic progenitors and at later stages is restricted to β cells (Jensen et al., 1996; Oster et al., 1998; Jorgensen et al., 2007; Hald et al., 2008) . Although not essential for the initial specification of β cells, it is required for the increase in β-cell number that occurs at the secondary transition (Sander et al., 2000) . Xenopus Nkx6.1 was only recently cloned; it is first detected in the anterior endoderm at NF36 in the developing pancreas and stomach (Zhao et al., 2007) . At NF40, Nkx6.1 is found expressed in a punctate fashion only in the dorsal part of the pancreas (data not shown).
Islet1-Islet1 is a homeobox transcription factor that is expressed in the dorsal pancreatic mesenchyme at early stages and later in the pancreatic epithelium. Mice lacking islet1 do not develop a dorsal pancreas (Ahlgren et al., 1997) . In Xenopus, expression of islet1 is detected in the lateral plate mesoderm extending from the dorsal pancreas down to the duodenum, but is absent from the ventral pancreatic region (Kelly and Melton, 2000) .
MafA and MafB-The Maf family of proteins encode leucine zipper transcription factors.
MafA is a β-cell-specific factor involved in regulating insulin gene transcription in the mature cell (Zhang et al., 2005) . MafB, on the other hand, is expressed in both α and β cells early in development, becoming localized to only α cells later in development (Nishimura et al., 2006) . In Xenopus, only MafB has been cloned, but its expression in the developing pancreas has not been examined. (sulfonylurea receptor 1) , encoded by the gene ABCC8, is the regulatory subunit of the K ATP channel in β-cell membranes (Bryan et al., 2007) . K ATP channels are octamers consisting of four regulatory subunits (in this case four SUR1 subunits) and four pore-forming subunits (see Kir6.2 below). SUR1 is a target of the sulfonylurea diabetes treatments, which induce insulin release (Rafiq et al., 2008) . In Xenopus, SUR1 is expressed in a punctate pattern in the dorsal pancreas; this pattern is consistent with expression in β cells (Fig. 5E,F) .
SUR1-SUR1
Kir6.2-Kir6.2 is the pore-forming subunit of the K ATP channel in the β-cell membrane, encoded by the gene KCNJ11. Kir6.2 is also a target for sulfonylurea diabetes treatments, and such treatments have successfully replaced insulin treatment in diabetics with mutations in KCNJ11 (Pearson et al., 2006) . Xenopus KCNJ11 has been cloned but the expression pattern has not been examined.
Mist1-Mist1 is a bHLH transcription factor expressed in the exocrine cells late in development (Lemercier et al., 1997) . In mice and zebrafish, Mist1 has been shown to be necessary for maturation and maintenance of exocrine cells (Johnson et al., 2004; Guo et al., 2007) . In Xenopus, Mist1 is expressed throughout the pancreas by NF40 and expression is maintained as the pancreas develops (Fig. 4D-F) .
Early Development Summary
In this first part of the review, we have attempted to provide a general overview of early pancreas development in Xenopus. These results demonstrate that patterning and specification of the endoderm into distinct anterior and posterior regions begins as early as NF11. However, this early patterning is labile, and stable regional specification is not achieved until late tail bud stages. We have also given a summary of various pancreatic transcription factors, with a particular focus on Ptf1a and Pdx1. These results demonstrate one of the strengths of the Xenopus model: the ability to determine the sufficiency of specific factors in promoting ectopic pancreatic cell fates, either in naive endoderm, through overexpression of mRNA in vegetal blastomeres at early stages, or in specific organs later in development, using transgenics.
PANCREAS DEVELOPMENT DURING METAMORPHOSIS (AFTER NF55) Differences Between the Tadpole and Frog Exocrine Pancreas
The anuran pancreas undergoes a major change during metamorphosis (Fig. 6) (Janes, 1937; Bollin et al., 1973; Dodd and Dodd, 1976; Leone et al., 1976; Milano and Chimenti, 1995; Mukhi et al., 2008) . The tadpole-to-adult remodeling process is in response to the surge of thyroid hormone (TH) during spontaneous metamorphosis (Leloup and Buscaglia, 1977) . The tadpole pancreas is a large spongy, boggy tissue that grows proportionately with the tadpole up to the climax of metamorphosis (NF58). The exocrine tadpole pancreas is rich in acinar cells with typical zymogen granules (Fig. 1D ) and expresses very high levels of digestive enzymes. One of the obvious histological differences between the tadpole and adult exocrine pancreas is the absence of a complex ductal arrangement in the tadpole (Mukhi et al., 2008) . The ductal system in the frog pancreas comprises all of the types of ductal cells as described by Egerbacher and Bock (1997) in mammals including the intercalcated ducts, intra and extralobular ducts, and collecting ducts (Fig. 7) . The rare tadpole ductal structures are single-cell epithelial tubes without fibrous sheaths surrounding them, morophologically resembling the lobular duct of an adult pancreas. It has been observed that the giant-tadpoles (lacking thyroid function) and tadpoles grown in methimazole (an inhibitor of thyroid hormone synthesis) for long periods of time also lack a complex ductal system (Mukhi et al., 2008) .
The frog exocrine pancreas synthesizes many of the same terminally differentiated enzymes as the tadpole pancreas; however, microarray analyses comparing the frog and tadpole pancreas reveal many extreme differences in gene expression. Out of a total of 33,098 microarray 60-mers (Agilent), more than 4,000 entries were up regulated significantly in the tadpole pancreas compared to the frog pancreas and vice versa. The most extreme expression differences revealed by the microarrays are the high activity of carboxyl ester lipases in the tadpole pancreas and trypsin-like serine protease (elastase) in the frog pancreas (Mukhi and Brown, unpublished data) . Such huge differences in gene expression profiles and tissue structure (morphology and histology) between tadpole and frog pancreas suggest that the exocrine pancreas in the tadpole is not mature and requires the TH-dependent remodeling process. As we will see, the same can be said for the insulin secreting β cells.
Remodeling of the Exocrine Pancreas During Metamorphosis
Several authors (Janes, 1937; Race et al., 1966; Milano and Chimenti, 1995) have studied remodeling of the pancreas during metamorphosis in different species of frogs. The metamorphic changes have been described as "partial degeneration" followed by "regeneration" (Janes, 1937) and cellular "necrosis" and "dehydration" (Race et al., 1966; Leone et al., 1976) . We have observed that at metamorphosis, remodeling begins with the dedifferentiation of the entire exocrine pancreas followed by a redifferentiation phase in the growing frog (Mukhi et al., 2008) . One of the first changes in the tadpole exocrine pancreas at metamorphosis in response to the increase in thyroid hormone (TH) is the steady decline of mRNAs that encode the terminally differentiated enzymes (Shi and Brown, 1990; Mukhi et al., 2008) . The levels of these mRNAs begin dropping at prometamorphosis (NF56), until they are almost totally absent by the middle of the metamorphic climax (NF62) (Figs. 8 and  9 ). These transformed exocrine cells have sparse cytoplasm and no zymogen granules. Two months after the end of metamorphosis, the frog's exocrine pancreas once again contains acinar cells but now also a full set of ducts typical of an adult vertebrate pancreas (Fig. 7) .
Thyroid Hormone (TH) Induces the Dedifferentiation of the Tadpole Pancreas
The sequence of dedifferentiation events in the Xenopus pancreas during climax of metamorphosis is similar to the dedifferentiation process observed in mammalian models. Pancreas acinar cells are considered to be highly plastic in mammals, because they can be induced to dedifferentiate. Exocrine pancreas dedifferentiation and plasticity have been observed in chronic pancreatitis (Tezel et al., 2004) , upon exposure to the pharmacological agent, cerulein (Jensen et al., 2005; Strobel et al., 2007) , and when the cells are placed in culture (Means et al., 2005) . The uniqueness in Xenopus is that the changes occur as a part of the normal developmental process as a response to a hormone (Race et al., 1966) . The changes to the acinar cells during the climax of metamorphosis result in the cells dedifferentiating and entering a progenitor state (Mukhi et al., 2008) . This is evident by the transient upregulation of pancreatic progenitor markers (Pdx1, Notch-1, and Hes1) and the down-regulation of the acinarspecific transcription factor Ptf1a as well as exocrine-specific pancreatic enzyme mRNAs such as amylase and trypsin. The more stable proteins persist through climax. This proves that the surviving cells at climax are dedifferentiated acinar cells. In the redifferentiaion phase, the expression of Pdx1 and Notch-1 is down-regulated and the mRNAs encoding the pancreatic enzyme reappear. Activation of the Notch signaling pathway has been reported in mammalian pancreas that has been induced to dedifferentiate (Jensen et al., 2005; Rooman et al., 2006) . The molecular events involved in this chemically induced dedifferentiation and subsequent regeneration of the mammalian pancreas was described as a "recapitulation of embryonic development" (Jensen et al., 2005) . Amphibian metamorphosis provides a new model for pancreatic dedifferentiation and redifferentiation with the major advantage that it can be controlled by TH (Janes, 1937; Race et al., 1966; Milano and Chimenti, 1995; Mukhi et al., 2008) . While the dedifferentiation of acinar cells is triggered by TH, the hormone does not seem to be involved in the redifferentiation of the exocrine pancreas that occurs after metamorphosis.
Transgenic tadpoles expressing a dominant-negative form of the thyroid hormone receptor alpha (TRDN) controlled by the rat elastase promoter do not dedifferentiate their exocrine pancreas at climax (Mukhi et al., 2008) . The transient up-regulation of Pdx1 and Notch-1 and the down-regulation of amylase at climax were inhibited. This genetic interference in the spontaneous metamorphosis process inhibited the maturation of the tadpole to the frog pancreas. Even after 2 months of growth, the transgenic pancreas of these frogs has only a rudimentary ductal system. These abnormal pancreases have unusual inclusions that look nothing like pancreas cells. Despite the abnormal pancreas, the transgenic frogs are healthy and grow to sexual maturity. This is not surprising since pancreatectomy in frogs has been reported not to be lethal (Frye, 1964) . A summary of the changes that occur in the exocrine pancreas at metamorphosis is presented in Figure 9 .
Remodeling of the Endocrine Pancreas at Metamorphosis
In the adult Xenopus pancreas, the islets consist of only insulin-producing β cells; the other endocrine cells are scattered around in the pancreas as single cells sometimes loosely associated with the islets (Maake et al., 1998; Horb and Slack, 2002) . The shrinkage of the pancreas that occurs at climax brings the various endocrine cells closer together (Maake et al., 1998) . In addition, a "maturation" of the pancreatic system has been proposed to occur at climax (Maake et al., 1998; Accordi and Chimenti, 2001) , which involves limited cell death and changes in insulin expression. In the tadpole, β cells are present in small clusters (Kelly and Melton, 2000) , but during the eight days of metamorphic climax, while the exocrine pancreas dedifferentiates, these clusters are induced by TH to become larger (Fig. 10) . The reason for this increase in islet size during climax is due to the aggregation of pre-existing β cells (Mukhi et al., 2009) . During climax, β cells do not replicate, and the absolute number of β cells does not change. In addition, acinar to β cell transdifferentiation was not observed. In the months following metamorphosis, the islets grow larger at least in part by replication of existing β cells.
Unlike the gene expression changes seen in the exocrine pancreas, insulin protein is detected in the β cells throughout metamorphic climax. However, there is a brief loss of insulin mRNA during early climax (NF62). Insulin mRNA is synthesized again several days later at the end of climax (NF66). No known β cell progenitor genes have been found to be activated when the β cells stop synthesizing insulin mRNA, leaving no explanation for this brief down-regulation of insulin mRNA (Mukhi et al., 2009 ).
This aggregation of β cells at climax is not cell-autonomous but requires interactions with the surrounding dedifferentiated acinar cells. In transgenic elastase-TRDN animals, where acinar cells do not dedifferentiate, there is no aggregation of β cells. However, once metamorphosis is complete, the small (nonaggregated) islets in these transgenic frogs begin to replicate so that in two months they are equal in size to the control islets (Mukhi et al., 2009 ). This finding adds evidence that the role of TH in pancreas remodeling ends when metamorphosis is complete and does not account for the redifferentiation process. In contrast, the down-regulation of insulin gene expression in beta cells is a cell-autonomous response to TH. In transgenic pIns-TRDN animals, insulin expression is not down-regulated, while the aggregation of β cells occurs normally (Mukhi et al., 2009) . We conclude that changes in β cells during climax result from two separate TH-controlled programs. The aggregation of β cells during climax requires the concomitant dedifferentiation of the exocrine cells, whereas the transient down-regulation of insulin gene expression is a direct response of TH.
Metamorphosis Summary
The remarkable TH-induced changes in the tadpole pancreas are a normal part of the animal's life cycle. Although definitive lineage studies have not been carried out, it is likely that the frog's mature ductal system as well as the new acinar cells derived from dedifferentiated acinar cells at climax. The first islets formed at climax are derived by aggregation of preexisting β cells. By analogy, mammalian islets are generated in a multistep process involving differentiation, migration, and aggregation of progenitor cells into islets (Deltour et al., 1991; Kim and Hebrok, 2001) . The mechanisms that control these processes are unknown.
The pancreas is just one of many amphibian organs and cell types that remodel during metamorphosis. The tadpole intestine undergoes extensive shortening, and each of its cell types change during metamorphic climax (McAvoy and Dixon, 1978a,b) . The brain remodels by essentially rewiring its connections (Alley and Barnes, 1983) . Tadpole red cells undergo globin switching (Weber, 1996) ; the B and T-cells are renewed (Du Pasquier et al., 2000) . The liver (Paik and Cohen, 1960 ) and the skeleton (Berry et al., 1998 ) also remodel. Each of these changes is controlled by thyroid hormone. Organs like the pancreas can have more than one TH-controlled program. Some of these are cell autonomous, others require the influence of an adjacent cell type just as the aggregation of β cells depends upon the dedifferentiation of the exocrine cells.
SUMMARY
We have covered many of the most important aspects of pancreas development, including regional specification, early morphological events, induction of pancreas, and the changes that occur during metamorphosis. What is obvious from this review is that although early pancreas development and pancreatic remodeling during metamorphosis are quite distinct events, they have much in common, and the same signaling molecules that promote early pancreas development are re-expressed during metamorphosis as the cells dedifferentiate.
In this review, we have attempted to provide a broad overview of pancreas development that would be beneficial not only to the Xenopus community, but also researchers studying pancreas development in other animals. Although some morphological events are unique to Xenopus, it is becoming increasingly obvious that the early stages of Xenopus pancreas development are quite similar to mammalian pancreas development. The same genes that control major developmental decisions in the developing pancreas of a frog also control them in a mouse or indeed a human. And although metamorphosis is not found in mammals, the changes that occur in the Xenopus pancreas at metamorphosis can be studied to understand how remodeling of a "mature" pancreas occurs.
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